The aim of the study was to determine the effects of various doses of injected Se on the physiological responses of sheep to heat load. Fifteen 9-moold Australian Merino wethers (mean BW = 27.2 ± 2.1 kg) were randomly assigned to 1 of 3 treatments: 0 (control), 0.5, and 5 mg of Se, which was administered as a subcutaneous sodium selenate injection (5 mg/mL Se) on d 1, 8, and 15 of exposure to heat stress. The animals were housed individually in an environmental chamber and exposed to high temperature from 0700 to 1800 h (maximum = 38°C; minimum = 24°C) and to thermoneutral temperature from 1800 to 0700 h (maximum = 24°C; minimum = 20°C) for 21 d. Rectal temperature (RT) and respiration rate (RR) were measured daily at 0800, 1200, and 1600 h. Feed intake was measured daily, and sheep were weighed on d 1, 8, 15, and 21. Blood samples were collected on d 1 and 21. The 5 mg Se treatment decreased RT by 0.3°C (P = 0.02) and BW loss by 4.5% (P < 0.05) and increased eosinophil count (P < 0.05). There were no differences (P > 0.05) between treatments in RR and DMI, serum concentrations of glucose, total protein, cholesterol, and NEFA or in blood hematology variables. The fi ndings of this study have important implications for the sheep industry. Further studies are warranted to elucidate the dynamics of Se on productivity and health during hot conditions.
INTRODUCTION
High environmental temperatures have a detrimental effect on sheep in many parts of the world. During periods of increased heat load, physiological and immunological responses are invoked to minimize adverse effects (Fuquay, 1981; Silanikove, 2000; Finocchiaro et al., 2005) . Moreover, heat load is associated with changes in antioxidant status by promoting oxidative stress and reducing the blood concentrations of antioxidant micronutrients (zinc, selenium, and vitamin E) in ruminants (Bernabucci et al., 2002; Saker et al., 2004; Burke et al., 2007) and poultry (Altan et al., 2003; Bartlett and Smith, 2003; Sahin and Kucuk, 2007) . This reduction is caused by increasing micronutrient mobilization and excretion during the period of hot conditions (Siegel, 1995) .
Selenium, an essential part of the antioxidant defense system, plays an important role in the growth and health of humans and livestock through its participation in several important enzymes and enzyme reactions (Underwood, 1977; Surai, 2006) . Sahin et al. (2008) showed that dietary Se supplementation increased feed intake, egg production, and antioxidant status and improved feed effi ciency in quail exposed to an environmental temperature of 34°C. Zhao and Guo (2005) reported that the antioxidant status of pigs exposed to heat stress was improved by Se supplementation.
To our knowledge, there are no reports on the effects of Se supplementation on the performance and physiological responses of sheep to heat load. Heat stress promotes oxidative stress and reduces the activity of thyroid hormones. Moreover, Se supplementation during heat stress may ameliorate the adverse ef-fects of thermal stress by improving antioxidant status and thyroid hormone activity. Therefore, this study was undertaken to determine whether multiple injections of Se during hot conditions improve the performance and physiological functions of sheep and to quantify the optimum amount of Se supplementation for sheep exposed to heat load.
MATERIALS AND METHODS

Animals and Experimental Design
The study was undertaken at The University of Queensland, Gatton Campus, Australia, with the approval of The University of Queensland Animal Ethics Committee.
Fifteen 9-mo-old castrated male Merino sheep (mean BW = 27.2 ± 2.1 kg; wool length around 30 mm) were used in a 21-d environmental chamber study. The study was undertaken during the Australian winter to ensure that the sheep had not acclimated to hot conditions. In the month before the commencement of the study, the mean maximum and minimum temperatures were 20.9°C and 14.6°C, respectively. Before the commencement of the study the sheep were housed in a large pen outdoors. The sheep were moved to the environmental chamber and allowed a 7-d adaptation to the facility. The sheep were individually housed in elevated (1 m above the fl oor) metabolism cages (1.5 m × 0.5 m) in an environmental chamber. Each metabolism cage was equipped with a feed trough and a 10-L plastic water bucket. Thermoneutral conditions were maintained during the adaptation period. Dry-bulb temperature (T db ) varied between a maximum temperature (T MAX ) of 24°C and a minimum temperature (T MIN ) of 16°C. On d 1 of the experimental period, sheep were exposed to high temperatures (T MAX = 38°C; T MIN = 24°C) from 0700 to 1800 h and to thermoneutral temperatures (T MAX = 24°C; T MIN = 20°C) from 1800 to 0700 h. The T db was programmed to increase by 1°C per 45 min from 0700 h until T MAX was reached (1400 h). The T MAX was maintained until 1800 h, after which the T db decreased at a rate calculated to reach T MIN by 2000 h. The minimum temperature was then held constant until 0700 h the next day. Relative humidity (RH) was set to be maintained at 50% but fl uctuated from 45.7% to 65.3%. The T db and RH were measured in the room at 15-min intervals using relative humidity-temperature sensors (EH-010A; ARC Systems Inc., Surrey, Canada). These data were stored on a data logger (Mini-Mitter, Sunriver, OR) until downloaded. The humidity-temperature sensors were located in the middle of the rooms at a height of 1 m. The sensors were calibrated before the study and checked for accuracy at the end of the study. The T db and RH were recorded every 15 min and hourly means were calculated. The hourly temperature humidity index (THI) was calculated using THI = (0.8 × T db ) + [(RH/100) × (T db -14.3)] + 46.4 (adapted from Thom, 1959) . The sheep were exposed to a lighting regime of 13 h on (0500 to 1800 h) and 11 h off. The light intensity was 580 lx. This protocol was designed to simulate the cyclic diurnal variation during the summer in southeast Queensland, Australia.
The sheep were randomly assigned to 1 of 3 treatments: 0 (control), 0.5, and 5 mg of Se, which was administered as a subcutaneous sodium selenate injection (5 mg/mL Se; Selovin-5, Bomac Laboratories Ltd, Auckland, New Zealand) on d 1, 8, and 15 of exposure to heat stress. Sheep assigned to the control treatment were injected with an equal amount of PBS (1 mL; pH 7.4; Sigma-Aldrich, St. Louis, MO).
The sheep were offered chopped alfalfa hay (Medicago sativa; 97.8%) and a supplement, which was offered at approximately 22.0 g/(sheep•d), once daily at 0730 h. The composition of the supplement was 5 g salt (0.5%), 10 g sodium bicarbonate (1.0%), 5 g dicalcium phosphate (0.5%), and 2 g mineral and vitamin premix (0.2%), which contained 0.012 mg Se, 1.08 Mcal of ME,and 14.2% CP/kg (DM basis) at a maintenance amount (2.5% of initial BW; NRC, 1985) . Water was available ad libitum. Feed intake was measured daily at 0700 h (mass of feed offered minus mass of orts), and samples of the diets and water were collected to measure the total Se in the diets and water. The Se concentration in the diets and water was analyzed by using inductively coupled plasma mass spectrometry (Vista-PRO CCD; Varian Inc., Walnut Creek, CA). Sheep were weighed individually before feeding time between 0700 h and 0730 h on d 1, 8, 15, and 21.
Respiration rate was determined by counting fl ank movements over a 20-s period, which was then converted to breaths per minute (bpm). Rectal temperature (RT) was measured using a digital rectal thermometer (with an accuracy ±0.1°C; Jackel Pty Ltd, Sydney, Australia). The RT and respiration rate (RR) were measured daily at 0800, 1200, and 1600 h.
Blood Sample Processing and Analysis
Blood samples (2 × 10 mL) were collected before feeding by jugular venipuncture on d 1 and 21 using 10-mL tubes containing K 3 -ethylenediaminetetraacetic acid (K 3 -EDTA) and 10-mL serum Vacutainer tubes (BD, Franklin Lakes, NJ) for whole blood and serum, respectively. Serum was obtained after centrifugation of whole blood at 2,400 × g for 20 min at 4°C. Duplicate samples were then frozen at −20°C for later analysis. Serum concentrations of glucose, total protein, cholesterol, NEFA, and creatine were analyzed using an autoanalyzer (AU2700; Olympus, Center Valley, PA) according to the manufacturer's procedures. Whole-blood samples in K 3 -EDTA tubes were processed immediately (i.e., within 3 h of blood collection) to measure total and differential leukocytes, such as white blood cell (WBC) count; total red blood cell (RBC) count; numbers of neutrophils, lymphocytes, monocytes, eosinophils, and basophils; hemoglobin concentration; hematocrit; mean cell volume; mean corpuscular hemoglobin value; mean corpuscular hemoglobin concentration; and numbers of platelets in whole blood using a hematology analyzer (Cell-Dyn 3700; Abbott, Abbott Park, IL) according to the manufacturer's procedures.
Statistical Analysis
All data were analyzed using repeated measures and the PROC MIXED model (SAS Inst. Inc., Cary, NC). Treatment (doses of Se injected), sheep within treatment, and day of measurement (d 1 and 21) were included in the model as main effects and treatment × day was included as the interaction term. The effects of time of day (0800, 1200, and 1600 h) were added to the model for analysis of RT and RR. Sheep within treatment were used as a random variable (error term). Data are presented as the least-squares mean ± SE, and differences were considered signifi cant at P < 0.05.
RESULTS
Mean environmental conditions during the study are presented in Figures 1A and 1B . During the period of the thermoneutral conditions (from 1800 to 0700 h), the T db ranged from 20.9°C to 27.9°C, with a mean of 22.8°C. The RH ranged from 49.1% to 63.0%, with a mean of 57.5%. The THI value ranged from 67.0 to 78.0 units, with a mean of 69.4 units. During the period of hot conditions when the room temperature was exposed to high environmental temperatures from 0700 to 1800 h, the mean of T db was 31.7°C, with a range of 24.2°C to 36.0°C. The mean RH was 51.2%, with a range of 47.1% to 56.7%. The mean THI value was 80.6 units, with a range of 71.4 to 85.9 units.
Dietary Selenium Intake
The Se concentrations in the diet and water were 0.006 mg Se/kg DM and 0.094 mg Se/L, respectively. The total Se intake from the diet and water among the treatments averaged approximately 0.1 mg Se/d (data not shown). Therefore, the mean Se intake for sheep in the control group was 0.10 mg Se/d, whereas sheep injected with 0.1 and 1.0 mL sodium selenate received 0.17 and 0.81 mg Se/d, respectively.
Rectal Temperature and Respiration Rate
Rectal temperature and RR are shown in Table 1 . There were no differences (P > 0.05) between the control group and Se treatment groups in RT at 0800 and 1600 h. However, at 1200 h the mean RT of sheep injected with 1 mL of sodium selenate (5 mg Se) was approximately 0.3°C (P = 0.02) less than that of the control sheep (39.7°C vs. 40.0°C). The mean RT of sheep injected with 5 mg of Se was 0.3°C less (P < 0.05) than that of the control sheep (39.5°C vs. 39.8°C). However, there were no differences (P > 0.05) between sheep injected with 0.5 mg of Se and control sheep. The RR did not differ (P > 0.05) between treatments (Table 1) ; across treatments, sheep had similar RR at the various measurement times. Mean RR was 85.7, 83.4, and 82.1 bpm for the control, 0.5 mg/d Se, and 5 mg/d Se groups, respectively.
Rectal temperature and RR were affected (P < 0.01) by time of day (Table 1 ). The mean RT increased (P < 0.01) from 39.0°C at 0800 to 39.8°C at 1200 h and peaked at 40.0°C at 1600 h. Similarly, RR increased (P < 0.01) from 36.4 bpm at 0800 h to 87.9 bpm at 1200 h and continued to increase until 1600 h, when RR was 94.3 bpm greater than that at 0800 h (130. 7 vs. 36.4 bpm; P < 0.01).
DMI and BW Change
Mean DMI and BW changes are presented in Table  2 . There were no differences (P > 0.05) between treatments in DMI (mean = 534.3 ± 44.8 g/d). However, when expressed as a percentage of BW, the DMI of the 5 mg/d Se group was 0.17% greater (P < 0.05) than that of the control group (2.2% vs. 2.0%, respectively). There were no differences (P > 0.05) in DMI as a percentage of BW between the 0.5 mg Se group and the control group. Final BW was not affected (P > 0.05) by Se injection; mean BW for the 0, 0.5, and 5 mg Se groups were 24.0, 25.0, and 25.9 kg, respectively. Furthermore, across treatments, fi nal BW was less than initial BW. However, the 5 mg Se group lost (P < 0.05) 1.8 kg more BW during the experiment than the control group (−3.3 kg vs. −1.5 kg, respectively), whereas the BW loss of the 0.5 mg Se group did not differ from that of the control (P > 0.05). A similar pattern was observed when BW change was expressed as a percentage of initial BW. The percentage BW loss of the 5 mg Se group was 6.6% units less (P < 0.05) than that of the control group (5.5% vs. 12.1%, respectively).
Serum Biochemical and Blood Hematological Variables
Differences between treatments in the concentrations of serum biochemical and blood hematological variables are presented in Tables 3 and 4, respectively. Selenium had no effect (P > 0.05) on the measured biochemical or hematological variables compared with the control group, with the exception of eosinophil count, which differed (P < 0.05) between the control treatment (0.06 × 10 9 cells/L) and the 0.5 and 5 mg Se groups (0.08 × 10 9 and 0.09 × 10 9 cells/L, respectively).
DISCUSSION
It is generally accepted that the upper critical temperature of the sheep lies between 25°C and 30°C and that heat stress occurs when sheep are exposed to temperatures in excess of 30°C (Fuquay, 1981) . The mean THI in the current study was 80.6, which is equivalent to moderate heat stress (Fuquay, 1981) . Across treatments, all sheep displayed signs of heat load: RT increased by 1.2°C between 0800 and 1600 h, RR increased by 94.3 bpm between 0800 and 1600 h, DMI decreased by 15% over the trial, and BW decreased by 8.2% over the trial. These responses to heat stress, which are widely used as indicators of heat load in cattle (Gaughan et al., 1999; Mader et al., 2002) and sheep (Silva et al., 1992; Silanikove, 2000) , are similar to those of previous reports (Johnson, 1991; Srikandakumar et al., 2003; Beatty et al., 2008; Alhidary et al., 2012) .
In the present study, the daily amount of Se administered in the 0.1-mL (0.5 mg) and 1.0-mL (5 mg) sodium selenate solutions injected was 71.5 and 715 μg of Se, respectively, according to Rooke et al. (2008) . Therefore, sheep injected with 0.1 mL of sodium selenate received 0.17 mg Se/d (mean DMI = 535 g/d), which is adequate according to NRC (1985) recommendations (0.1 to 0.2 A-C Within a column, means without a common superscript differ (P < 0.01).
1 Values are for sheep (n = 15) exposed to high ambient temperature (38°C) from 0700 to 1800 h for 21 d. mg Se/kg DM); the group that received the greatest dose of sodium selenate (1.0 mL) received 8 times (approximately 0.81 mg/d) more Se than the NRC (1985) recommendations.
The RT of sheep injected with 5 mg of Se was approximately 0.3°C lower than that of the control sheep. This ameliorating effect of Se on RT during heat stress in sheep has not been reported previously. There are 2 potential mechanisms by which this effect of Se could have been mediated. First, Se may have reversed or inhibited the reduction in antioxidant activity caused by heat stress (Underwood, 1977; Bernabucci et al., 2002; Surai, 2006) . Second, Se may have decreased the release of ACTH, which is increased by heat stress (Magdub et al., 1982; Hirayama et al. 2004) . Injection of sheep with ACTH increased RT by 0.6°C (39.1°C vs. 39.7°C; Sconberg et al., 1993) . Gursu et al. (2003) showed that dietary supplementation of Japanese quail subjected to high temperature (34°C) with 0.1 or 0.2 mg Se/kg DM decreased their ACTH concentrations.
In the current study, there was no observed difference in DMI between sheep injected with Se and control sheep during heat stress, which is consistent with previous reports that dietary Se source and amount of Se supplementation do not affect DMI under thermoneutral conditions in sheep (Rock et al., 2001; Qin et al., 2007; Kumar et al., 2009; Vignola et al., 2009) or calves (Lee et al., 2007; Ebrahimi et al., 2009; Covey et al., 2010) . However, Sahin and Kucuk (2001) reported that DMI was increased when Japanese quail were fed a diet supplemented with 0.3 mg Se/kg DM for 90 d and subjected to high ambient temperature (34°C).
Selenium injection had a benefi cial effect on BW loss during heat stress in that sheep injected with 5 mg Se/d lost 4.5% less BW than control sheep. This is consistent with the results of Sahin et al. (2008) , who reported that the BW of quail supplemented with 0.3 mg Se/kg DM increased by 6% under elevated temperature conditions (34°C). It was reported that the mean daily BW gain of calves grazing pasture severely defi cient in Se (0.05 mg Se/kg DM) during the summer months tended to be improved (P < 0.10) by monthly injections of sodium selenate (5.5 mg/100 kg BW) compared with unsupplemented calves (108 vs. 104 g/d, respectively; Spears et al., 1986) . Furthermore, several studies with sheep have reported responses to supplementation with Se under thermoneutral conditions at amounts in excess of Se recommendations (Koenig et al., 1997; Gabryszuk and Klewiec, 2002; Kumar et al., 2009) .
Serum concentrations of glucose, total protein, cholesterol, NEFA, and creatine were not affected by Se injection in the present study and were within the reference ranges reported by Lepherd et al. (2009) . These results are consistent with those of previous studies (Juniper et al., 2008; Ebrahimi et al., 2009; Kumar et al., 2009) , showing that neither amount nor source of Se supplementation affected glucose, total protein, cholesterol, NEFA, or creatine concentrations in ruminants. Juniper et al. (2008) reported that supplementation of dairy cows, beef cattle, calves, and sheep with 6. 25, 6.74, 5.86, and 6 .63 mg Se/ kg DM, respectively, had no effect on concentrations of glucose, total protein, cholesterol, NEFA, or creatine. Similarly, Ebrahimi et al. (2009) reported that supplementation of Holstein calves with 0.3 mg Se/kg DM and supplementation of sheep with 0.15 mg Se/kg DM had no effect on plasma greater than metabolite profi les. In the current study, Se increased eosinophil count. Eosinophils play an important role in defense against extracellular parasites (Aiello, 1998) , but heat stress decreases eosinophil count. Silva et al. (1992) reported that an increase in ambient temperature from 25°C to 46.5°C decreased eosinophil count in sheep from 2.15 × 10 9 to 1.89 × 10 9 cells/L. The results from the current study are consistent with those of previous studies by Juniper et al. (2008) and Covey et al. (2010) , who reported that the eosinophil count of calves was increased by dietary supplementation with 5.7 or 1 mg Se/kg DM.
All other blood hematological variables measured in the current study were unaffected by Se injection and were within the reference ranges reported by Lepherd et al. (2009) . However, these results differ from those of recent studies showing that Se increases these hematological variables in sheep (Horton et al., 1978; Faixova et al., 2007) , cattle (Juniper et al., 2008) , and horses (Calamari et al., 2010) . Faixova et al. (2007) reported that sheep fed a diet supplemented with 0.3 mg Se/kg DM had greater RBC counts compared with unsupplemented sheep (7.77 × 10 12 vs. 5.65 × 10 12 cells/L, respectively) and decreased WBC counts compared with unsupplemented sheep (4.57 × 10 9 vs. 7.32 × 10 9 cells/L). Similarity, Spears et al. (1986) reported that injection of calves with 5.5 mg Se/kg BW increased hemoglobin concentration from 15.1 to 16.5 g/L. On the other hand, Covey et al. (2010) reported that there were no effects of dietary supplementation of Holstein steers challenged with intranasal bovine infectious rhinotracheitis virus with 1 mg/d of Se yeast or 5 mg/d of sodium selenate on blood hematology variables, including WBC and RBC counts, numbers of neutrophils and lymphocytes, and the concentration of hemoglobin. Much of the variation in the results of studies on the effects of Se on hematological variables can be ascribed to differences in diet, in the amount, timing, and method of Se administration, and in the physiological status of the experimental animals.
In conclusion, the results from the present study indicate that multiple injections of large doses of selenium can be used to reduce or alleviate the consequences of thermal stress, including the increased rectal temperature and BW loss, which has important implications for the sheep industry. As several of the physiological responses observed in this study have not been reported previously, further studies are required to elucidate the effects of Se on productivity and health in sheep exposed to high ambient temperatures. Different Se administrations (injection, supplementation, or oral) should be considered to determine the most effi cient method of Se administration for sheep when they are exposed to elevated heat load.
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